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Abstract Crop species in the Solanaceae, which includes
tomato (Lycopersicon esculentum), potato (Solanum
tuberosum), pepper (Capsicum spp.), and eggplant (S.
melongena), exhibit natural variation in the types, levels,
and tissue-specific expression patterns of anthocyanin
pigments. While the identities of the genes underpinning
natural variation in anthocyanin traits in these crops are
largely unknown, many structural genes and regulators of
anthocyanin biosynthesis have been isolated from the
solanaceous ornamental species Petunia. To identify
candidate genes that may correspond to loci controlling
natural variation in the four crops, 13 anthocyanin-related
genes were localized on a tomato F2 genetic map. Gene
map positions were then compared to mapped mutants in
tomato and through comparative genetic maps to natural
variants in potato, eggplant, and pepper. Similar map
positions suggest that the tomato mutants anthocyanin-
less, entirely anthocyaninless, and anthocyanin gainer
correspond to flavonoid 3050-hydroxylase (f3050h), antho-
cyanidin synthase, and the Petunia Myb domain trancrip-
tional regulatory gene an2, respectively. Similarly potato
R, required for the production of red pelargonidin-based
pigments, P, required for production of purple delphini-
din-based pigments, and I, required for tissue-specific
expression in tuber skin, appear to correspond to
dihydroflavonol 4-reductase, f3050h and an2, respectively.
The map location of an2 also overlaps pepper A and
eggplant fap10.1, lla10.1, lra10.1, sa10.1, pa10.1 and
ca10.1, suggesting that a homologous regulatory locus
has been subjected to parallel selection in the domesti-
cation of many solanaceous crops. To test the hypothesis
that tomato anthocyaninless corresponds to f3050h, a
portion of the gene was sequenced. A premature stop

codon was observed in an anthocyaninless mutant, but not
in wild-type.

Introduction

Red and purple anthocyanin pigments are important
constituents of many ornamental and agricultural crops.
In addition to frequently providing the basis for visually
appealing colors in flowers, fruits, leaves, stems, tubers,
and roots, anthocyanin pigments may also act as valuable
antioxidants in the human diet (Noda et al. 2000). While
the genetics of anthocyanin synthesis and its regulation
are well-characterized in several model systems like
Petunia and maize (Holton and Cornish 1995), in most
crops the identity of the genes underpinning natural
variation in the types, levels, and tissue-specific expres-
sion patterns of anthocyanin pigments are still not known.

Over a dozen genes that influence anthocyanin
pigmentation have been isolated from Petunia. Cloned
Petunia genes include those encoding most of the
enzymes of the biosynthetic pathway, e.g., dihy-
droflavonol 4-reductase (Beld et al. 1999) and flavonoid
30, 50-hydroxylase (Holton et al. 1993), as well as several
transcriptional regulators, e.g., the Myb domain gene an2
(Quattrocchio et al. 1999). As a member of the Solana-
ceae, Petunia is closely related to many important crop
plants, including potato (Solanum tuberosum), tomato
(Lycopersicon esculentum), pepper (Capsicum spp.), and
eggplant (S. melongena). There is considerable variation
for anthocyanin accumulation in each of these crop
species and in some cases, this variation is economically
important. The skin of potato tubers, for example, can
accumulate either red, purple, or no anthocyanin pig-
ments. The potato R locus is required for the production
of red anthocyanins, which have been shown to be
derivatives of pelargonidin, while P is required for the
synthesis of purple pigments, which are typically derived
from petunidin (Dodds and Long 1955; De Jong 1991;
Lewis et al. 1998). A third locus, I, is required for the
synthesis of red or purple anthocyanins in tuber skin
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(Dodds and Long 1956). All three of these loci have been
mapped in the potato genome (Van Eck et al. 1993, 1994).
Over a dozen loci affecting anthocyanin accumulation
have been described in tomato (von Wettstein-Knowles
1967), and several have been mapped relative to molec-
ular markers (Tanksley et al. 1992). Several classical loci
have also been reported in pepper (Daskalov and Poulos
1994), and a number of quantitative trait loci have
recently been described in eggplant (Doganlar et al.
2002b).

The genomes of tomato, potato, pepper, and eggplant
have been shown, with the exception of several chromo-
somal rearrangements, to share extensive co-linearity of
gene order (Tanksley et al. 1992; Livingstone et al. 1999;
Doganlar et al. 2002a). Thus, once the position of a gene
has been determined in any one of these species, it is
possible to infer the location in the remaining three. In
order to identify candidate genes that may correspond to
classical loci influencing anthocyanin accumulation in
these crop plants, we report here the genetic map
locations in tomato of thirteen genes known to be
involved in anthocyanin biosynthesis or its regulation in
Petunia. Our primary motivation was to identify candi-
date genes for the R, P, and I loci in potato, and excellent
positional candidates were identified for all three. Strong
candidates were also found for several other mapped loci
in tomato, pepper, and eggplant. In conjunction with a
similar study that reported the mapping of carotenoid
structural genes in pepper (Thorup et al. 2000), this work
illustrates the power that mapping genes underlying a
defined biochemical pathway can bring to the identifica-
tion of genes responsible for natural variation along that
pathway, both in the species where the mapping is
performed, as well as in related species that are connected
to it through comparative genetic maps.

Materials and methods

Genetic mapping of anthocyanin-related loci

Gene map locations were determined by following RFLP segrega-
tion in a tomato F2 mapping population of 83 individuals. The
parents of the population were Lycopersicon esculentum LA925
and L. pennellii LA716 (Fulton et al. 2002). Prior to mapping, each
probe was first hybridized to a survey blot containing genomic
DNA of the two parents digested separately with EcoRI, EcoRV,
DraI, HaeIII, and ScaI. The probe was then hybridized to DNA
blots where genomic DNA of the 83 progeny had been digested
with the restriction enzyme that revealed the clearest polymorphism
between the two parents. Random hexamer labeling of probes,
hybridization, and washing methods were as described previously
(Feinberg and Vogelstein 1983). Filters were washed to a final
stringency of 0.5� SSC (saline sodium citrate) at 65�C (1� SSC is
0.15 M NaCl and 0.015 M trisodium citrate). Gene map locations
relative to a large number of previously mapped RFLP markers
(Fulton et al. 2002; http://www.sgn.cornell.edu) were determined
using Mapmaker software (Lander et al. 1987).

Four loci were mapped using existing tomato cDNA clones with
clear sequence similarity to known Petunia genes. Plasmid
cTOB11G7 was used as a probe to map chalcone isomerase (chi),
cLED38K19 was used to locate flavonol synthase (fls), cLEB1D3
was used to map anthocyanidin 3-O-glucosyltransferase (3gt), and
cLED11P23 was used to define a tomato locus related to the jaf13
gene of Petunia. All four plasmids were kindly provided by S.D.
Tanksley (Cornell University).

Eight loci corresponding to chalcone synthase (chs), dihy-
droflavonol 4-reductase (dfr), flavonoid 30, 50-hydroxylase (f3050h),
anthocyanidin synthase (ans; also known as leucoanthocyanidin
dioxygenase), anthocyanidin-3-glucoside rhamnosyltransferase (rt),
an1, an2, and an11 were mapped using probes generated by PCR
amplification of known Petunia, tomato, or potato genes (Table 1).
The flavanone 3-hydroxylase (f3 h) probe was generated by PCR
amplification of tomato genomic DNA using primers designed
against two tomato ESTs with >93% sequence identity to the
known potato f3 h gene (AY102035) (Table 1). The an2 probe was
obtained by PCR amplification of the Petunia gene using primers
an2-50 and an2-30 as described in Quattrocchio et al. (1998). With
the exception of an1 and f3 h, all amplified gene fragments were
ligated into cloning vector pCR2.1 (Invitrogen). The an1 gene
fragment was ligated into vector pGEM-T (Promega). Each cloned
gene fragment was partially sequenced to confirm gene identity

Table 1 Primers used for am-
plification of anthocyanin gene
probes

Gene GenBank
accession no.

Species Fragment size
(bp)

Primer sequence (50–30)

chs U47738 Potato �600 F GCGACTCCTTCGAACTGTG
R AAGTTTTTCGGGCTTTAGGC

f3h BG132926 (F) Tomato �1800 F GGGCACCTTCAACACTA
BG735030 (R) R ATCGGCTCATCCATTAT

dfr Z18277 Tomato �1500 F CACTCTCCTCCGAAGACGAC
R TCCATTGTCTGCAGTGCTTC

f3050h AF081575 Petunia �600 F TTTGTTCACAGCTGGTACGG
R AGAGGGACAGCTTTCTGCAA

ans X70786 Petunia �1000 F AAGGAGATTCGCGAGAAATG
R GCCACACTGTTCATCCTCCT

rt X71060 Petunia �1500 F GCTGAGCTTCTCAAGGTTGC
R ACCATCACCTTTTCCACAGC

an11 U94748 Petunia �1000 F TCAATCCCACCCACCACTAT
R CCCATCATCTCCACCTGAAC

an1 AF260918 Petunia �1300 F CGGCCCTAGTTATGATGAAT-
TATC
R ACCTCCACTTTAAGTTCCCT-
TAGC
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prior to genetic mapping. Uncloned f3 h PCR products were also
sequenced prior to mapping. For chs, the observed amplification
product, approximately 600 bp in length, was shorter than expected.
The expected amplification product size was approximately
1,000 bp, plus any introns that might be present in the amplified
genomic sequence. Because sequencing of the cloned 600-bp
product revealed several tracts with 100% sequence identity to
U47738, this amplification product was nevertheless deemed
acceptable for mapping purposes.

Tomato and potato sequences similar to known anthocyanin
genes were identified by searching GenBank sequences during May
2003 with the program BLAST (http://www.ncbi.nlm.nih.gov/blast/).
An EST sequence was considered to be similar to the query if it
returned an expect score of less than 10-8. At this time there were
approximately 155,000 tomato and 90,000 potato EST sequences
present in GenBank.

A fragment of the tomato f3050h gene was amplified with
forward primer f3050h-i (GTG GCC GGT GAT CGG AGC ACT)
and reverse primer f3050h-d (AAG CCT TTC TCC TTC AGA
ATT). These primers were designed against f3050h sequences
conserved in Petunia, eggplant, and Lycianthes, and generated a
product approximately 1.6 kb in length, representing approximately
1/2 of the predicted coding sequence of the tomato gene. When
uncloned PCR products were directly sequenced with f3050h-i and
f3050h-d primers, sequence corresponding to about 1/3 of the tomato
gene was obtained. Tomato monogenic mutant accessions 3–073,
3–414, LA1048 and LA1049 were obtained from the Tomato
Genetics Resource Center (University of California, Davis).

Results

Map locations

A schematic diagram of the initial stages of the antho-
cyanin biosynthetic pathway is shown in Fig. 1. Genetic
map locations for thirteen anthocyanin-related genes in
tomato are illustrated in Fig. 2. Additional details relating
to the mapping of each gene follow below.

Chalcone synthase

The probe for mapping chs was obtained by PCR
amplification of a known potato gene (GenBank acces-
sion U47738). The hybridization data were consistent
with two unlinked loci segregating in the population, but
only one of the two gave a hybridization signal
sufficiently strong to be unambiguously scored. Two
chs loci have previously been mapped in tomato by
O’Neill et al. (1990); TCHS1 mapped to chromosome 9,
while TCHS2 mapped to the lower arm of chromosome 5.
Tanksley et al. (1992) reported the location of three
tomato chs genes. CHS1 mapped to the top of chromo-
some 6, CHS3 mapped to the lower arm of chromosome
5, and CHS4 mapped to the lower arm of chromosome 9.
Given similar map locations the chs locus mapped in the
present study to a 7.1 cM interval between TG23 and
TG60 is likely to correspond to TCHS2 of O’Neill et al.
(1990) and CHS3 of Tanksley et al. (1992). Examination
of current (May 2003) tomato EST sequences in GenBank
revealed a third sequence (accession AW979450) with
approximately 80–85% identity to TCHS1 and TCHS2. A
potato chs-like gene distinct from TCHS1, TCHS2 and

AW979450 can also be found in GenBank (accession
BO114342). At present, 11 of 15 tomato ESTs with clear
DNA sequence similarity to Petunia chsA (accession
X14591) correspond to TCHS2, suggesting that TCHS2 is
the most actively transcribed chs locus in tomato.

Chalcone isomerase

The partially sequenced probe (accession AW623561)
used to map chi in tomato shares approximately 80%
sequence identity with Petunia chiA (accession X14589)
and 87% sequence identity with chiB (accession X14590).
Similar to the chs probe, the chi probe revealed two
unlinked loci in tomato, only one of which yielded a
sufficiently strong hybridization signal for mapping. The
mapped chi resides on chromosome 5, 0.7 cM south of
CT93. Searching GenBank ESTs with AW623561 as the
query revealed at least two chi-like genes in tomato.
Thirteen of 16 tomato chi-like ESTs appear to be
transcribed from the same locus as AW623561 since
they share 95% or greater sequence identity with it. The
other three ESTs are derived from a distinct gene typified
by accession BI930695, which shares 85% sequence
identity with AW623561.

Fig. 1 Schematic diagram illustrating the initial stages of the
anthocyanin biosynthetic pathway. Enzyme abbreviations are as
follows: CHS chalcone synthase, CHI chalcone isomerase, F3H
flavanone 3-hydroxylase, DFR dihydroflavonol 4-reductase,
F3050H flavonoid 30, 50-hydroxylase, ANS anthocyanidin synthase,
3GT UDP-glucose anthocyanidin 3-O-glucosyltransferase, RT
UDP-rhamnose anthocyanidin-3-glucoside rhamnosyltransferase
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Flavonol synthase

This gene is not required for production of anthocyanin
pigments. It was mapped because it competes with the
gene products of f3050h and dfr for common dihy-
droflavonol substrates and thus might influence anthocy-
anin synthesis. A partially sequenced tomato cDNA clone
(accession AI771853) that shares approximately 85%
sequence identity with Petunia fls (accession Z22543)
was used as a mapping probe. The RFLP banding pattern
was simple and suggests that tomato fls is a single copy
gene, located on chromosome 11. The single copy nature
of fls is further supported by the observation that all 25
tomato ESTs currently in GenBank with nucleic acid
sequence similarity to Petunia fls share 97–100% se-
quence identity with each other.

Flavanone 3-hydroxylase

A PCR product from tomato, sharing >90% sequence
identity with the known potato f3h gene (AY102035), was
used for mapping. The simple banding patterns observed
suggest that tomato encodes a single f3h gene, located on
chromosome 2. The 15 tomato ESTs currently in
Genbank with similarity to potato f3h share 97–100%
sequence identity with each other and are thus presumably
transcribed from a single gene.

Dihydroflavonol 4-reductase

The dfr gene has previously been mapped to a 37.8 cM
interval on chromosome 2 by Bongue-Bartelsman et al.

(1994). Using tomato dfr as a probe, we confirmed the
chromosome 2 localization, and by virtue of using a
higher-resolution reference mapping population, have
narrowed the map location to a smaller 10.5 cM interval
between cLEC7H4 and TG645R, approximately 9 cM
south of f3 h. Similar to Bongue-Bartelsman et al. (1994),
we observed a simple hybridization pattern, indicating
that dfr is present in only one copy in the tomato genome.
No tomato ESTs corresponding to DFR were present in
GenBank as of May 2003, although two ESTs from potato
have been deposited (accessions BG595686 and
BE923282).

Flavonoid 30,50-hydroxylase

A fragment of the Petunia Hf1 gene was used as a probe
to map the corresponding locus in tomato. Hf1 encodes a
cytochrome P450 monooxygenase gene (Holton et al.
1993) and revealed a complex banding pattern during
RFLP analysis, suggesting the presence of numerous
related genes. The high copy number was not unexpected
since approximately 286 cytochrome P450 genes are
known to be present in Arabidopsis (The Arabidopsis
Genome Initiative 2000). Despite the high copy number,
one or two bands hybridized much more strongly than all
others on the survey blot. The most strongly hybridizing
band was polymorphic following digestion with DraI and
was readily mapped to the lower arm of chromosome 11.
No tomato or potato ESTs with extensive sequence
similarity to Petunia Hf1 have yet been described.

Fig. 2 Genetic map locations of
anthocyanin-related structural
and regulatory genes relative to
previously mapped framework
RFLP markers. Each chromo-
some, numbered at top, shows
the framework markers most
tightly linked to the mapped
anthocyanin pathway genes, as
well as the most distal frame-
work markers. Genetic dis-
tances (in cM) between loci are
shown to the left of each chro-
mosome. All framework mark-
ers were mapped with LOD
scores >3. The following genes
were also mapped with LOD>3:
an1, ans, jaf13, 3gt. These
genes were mapped with
2<LOD<3: an2a, an2b, an11,
chs, f3 h, fls. The remaining
genes were mapped with
LOD<2: chi, dfr, rt, f3050h
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Anthocyanidin synthase

A fragment of the Petunia ans gene (accession X70786)
was used to map the related locus in tomato. The RFLP
banding pattern was simple and suggests that tomato
encodes a single ans locus, which maps to the lower arm
of chromosome 8. No tomato or potato ESTs with
detectable nucleotide sequence similarity to Petunia ans
have yet been described.

UDP-glucose anthocyanidin 3-O-glucosyltransferase

A partially sequenced tomato cDNA clone (accession
AI482628) that shares approximately 81% sequence
identity with Petunia 3gt (accession AB027454) was
used as a mapping probe. Tomato 3gt mapped to the
lower arm of chromosome 10, and based on the simple
RFLP banding patterns observed, is likely a single copy
gene. There are currently 20 tomato ESTs in GenBank
with high levels of sequence similarity to Petunia 3gt.
Most of these ESTs cluster into a contig corresponding to
the 50 half of Petunia 3gt while the remainder cluster into
a contig corresponding to the 30 end. Since the two contigs
do not overlap in sequence it is not yet possible to
conclude that they are derived from the same gene.

UDP-rhamnose anthocyanidin-3-glucoside
rhamnosyltransferase

A cloned fragment of the Petunia rt gene (X71060) was
used as a probe to map the corresponding locus in tomato.
Tomato rt maps to the middle of chromosome 9. Based on
the simple RFLP banding patterns observed, rt is likely
encoded by a single locus. Of the 16 tomato ESTs
currently in GenBank with similarity to Petunia rt, 14 can
be placed into a single contig and are presumably derived
from a single gene. The remaining two ESTs (BM410878
and BM535249) contain internal polyA tracts and appear
to represent chimeric cDNA clones.

An1

A fragment of the Petunia an1 gene, a basic helix-loop-
helix (bHLH) transcriptional regulator of dfr (Spelt et al.
2000) and possible regulator of other structural genes as
well, was used to determine the map location of the
corresponding tomato locus. Tomato an1 mapped to
chromosome 9, 0.6 cM south of rt. The simple RFLP
banding pattern suggested that tomato encodes a single
an1-like gene. No tomato or potato ESTs with extensive
DNA sequence similarity to an1 have yet been deposited
in GenBank.

Jaf13

The jaf13 gene encodes a second bHLH regulator of
anthocyanin gene expression in Petunia (Quattrocchio et
al. 1998). Using a partially sequenced tomato cDNA
clone (accession AI486789) that shares 87% sequence
identity with jaf13 as a probe revealed a single locus in
tomato, near the lower tip of chromosome 8 and slightly
south of ans. The 11 current tomato ESTs with high levels
of sequence similarity to jaf13 match three non-overlap-
ping regions of this gene. While they are likely to be
transcribed from a single locus, they are not contiguous so
it is not yet possible to conclude this with certainty.

An2

The Petunia an2 gene encodes a Myb domain transcrip-
tional regulator of the anthocyanin pathway (Quattrocchio
et al. 1999). An an2 probe revealed two tightly linked
tomato loci on the lower arm of chromosome 10. These
two loci were separated by a single recombination event
in the 83 progeny of the mapping population. Three
tomato ESTs with similarity to an2 have been deposited
in GenBank. Typified by accession BE462282, these
three share 97–99% sequence identity with each other.

An11

A fragment of an11, a WD40 repeat regulator of
anthocyanin expression in Petunia (de Vetten et al.
1997), was used to map a related locus in tomato. Tomato
an11 maps to chromosome 3. Although it could not be
mapped, an additional weakly hybridizing suggested that
tomato might encode a second an11-like locus. Consistent
with this possibility the ten current tomato ESTs with
sequence similarity to an11 can be divided into two
sequence classes. Nine of them, exemplified by accession
BI421668, appear to be derived from a single gene.
Accession AW932616 shares only 90% sequence identity
with these eight and thus must be transcribed from a
distinct gene.

Associations with mapped classical and QTL loci

Many classical and quantitative trait loci influencing
anthocyanin accumulation have previously been mapped
in the tomato, potato, pepper, and eggplant genomes. In
several cases, the genes mapped in this study are located
sufficiently close to known functional loci to suggest the
identity of the genes that these loci encode. Instances
where genes mapped close to known anthocyanin-related
loci are summarized in Table 2. These putative associ-
ations are detailed further in the Discussion.

Two of the associations in tomato—between the
anthocyanin reduced locus and f3h, and between the
anthocyaninless locus and f3050h—were tested further by
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comparing the sequence of f3h and f3050h in wild-type and
mutant backgrounds. The f3h primers listed in Table 1
were used to amplify and sequence a fragment predicted
to contain about 3/4 of the gene from tomato accessions
3–073, 3–414, and LA1049. By way of reference, the
potato f3h gene (AY102035) encodes a protein 358 amino
acids in length. Accessions 3–073 and 3–414 carry
independent EMS-induced mutations at the anthocyanin
reduced and anthocyaninless loci, respectively, and are
both in a genetic background of VF36. LA1049 carries a
radiation-induced mutation at the anthocyanin free locus
in a Red Cherry background. Both 3–414 and LA1049
were assumed to be wild-type for f3h, since the mutations
affecting anthocyanin production in these two accessions
are present on different chromosomes than anthocyanin
reduced. Direct sequencing of uncloned PCR products
from the three accessions yielded sequence corresponding
to codons 20 through 297 of potato f3h and revealed that
3–073 differed at a single nucleotide position from both
3–414 and LA1049 (Fig. 3). This G to A mutation is
predicted to alter the amino acid sequence, from serine to
asparagine, at a position corresponding to residue 116 of
potato F3H (Fig. 3). This serine is conserved in potato
(AAM48289), petunia (AAC49929), maize (AAA91227)
and Arabidopsis (AAC68584), as well as in many other
plants, so that the mutation likely interferes with F3H
function. Indeed, Yoder et al. (1994) have previously
reported that F3H enzyme activity is abolished in an
anthocyanin reduced mutant.

To test whether tomato anthocyaninless has a lesion in
f3050h, two primers (see “Materials and methods”) based
on regions conserved at the DNA level between known

f3’5’h genes in Petunia, eggplant, and Lycianthes were
used to amplify a fragment corresponding to approxi-
mately 1/2 of the tomato gene from anthocyaninless
mutants 3–414 and LA1048 (genetic background: Koko-

Fig. 3 Mutations observed in the flavanone 3-hydroxylase gene of
an anthocyanin reduced mutant and in the flavonoid 30,50-hydrox-
ylase gene of an anthocyaninless mutant. (Top) DNA sequence
from tomato accessions with wild-type (3–414 and LA1049) and
mutant (3–073) f3h genes. The region shown corresponds to amino
acids 108–119 of the potato f3h gene product; potato numbering is
used because the tomato gene has not been completely sequenced.
The mutation present in 3–073 is predicted to change a codon for
serine (AGC) into a codon for asparagine (AAC). (Bottom) DNA
sequence from tomato accessions with wild-type (3–073) and
mutant (3–414) f3050h genes. The region shown corresponds to
amino acids 159–170 of the Petunia f30500h gene product; Petunia
numbering is used because the tomato gene has not been
completely sequenced. The mutation present in 3–414 is predicted
to change a codon for glutamine (CAG) into a stop codon (TAG).
Predicted amino acid sequences (one letter code) are shown below
the aligned DNA sequences

Table 2 Putative associations
between mapped genes and
mapped classical or quantitative
trait loci influencing anthocya-
nin accumulation in four sola-
naceous cropsa

Gene Tomatob Potato Pepper Eggplant

Chalcone synthase - - - -
Chalcone isomerase af c ? - - -
Flavonol synthase - - - -
Flavanone 3-hydroxylase are d - - -
Flavonoid 3050-hydroxylase a c P f - -
Dihydroflavonol 4-reductase aw e R f - -
Anthocyanidin synthase ae c - - -
UDP-glucose: anthocyanidin

3-O-Glucosyltransferase
- - - -

UDP-rhamnose: anthocyanidin-
3-Glucoside rhamnosyltransferase

- - - -

an1 - - - -
an2 ag c F f,I g A h fap10.1i, lla10.1i,

lra10.1i, sa10.1i,
pa10.1i, ca10.1i

an11 - - - -
jaf13 - - - -

a Many Petunia anthocyanin mutants and the genes they correspond to are summarized in Holton and
Cornish (1995).
b Tomato classical mutant abbreviations: af anthocyanin free, are anthocyanin reduced, a antho-
cyaninless , aw anthocyanin without , ae entirely anthocyaninless , ag anthocyanin gainer
c Mapped by Tanksley et al. (1992)
d Mapped by Borgnino et al. (1973)
e Demonstrated through complementation by Goldsbrough et al. (1994)
f Mapped by Van Eck et al. (1993)
g Mapped by Van Eck et al. (1994)
h Mapped by Ben Chaim et al. (2003)
i Mapped by Doganlar et al. (2002b)
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mo), as well as from anthocyanin reduced mutant 3–073.
By way of reference, the Petunia f3050h gene product is
506 amino acids long. Direct sequencing of uncloned
tomato PCR products in a region corresponding to codons
105 through 263 of Petunia f3050h revealed that the
tomato gene shares 84% nucleotide and 88% amino acid
identity with the Petunia gene and indicated that acces-
sion 3–414 differed at a single nucleotide position from
both 3-073 and LA1048 (Fig. 3). The C to T mutation in
3–414 creates a premature stop codon relative to 3–073
and LA1048, at a position that corresponds to amino acid
165 of Petunia F3050H. The presence of this stop codon
provides excellent support for the hypothesis that antho-
cyaninless corresponds to f3050h. No mutations were
observed in LA1048 relative to 3–073. Nevertheless,
because only one third of the gene was sequenced, the
presence of mutations elsewhere in LA1048 f3050h cannot
be excluded.

Discussion

We have reported here the genetic map locations in
tomato of thirteen genes related to anthocyanin biosyn-
thesis. Eight of these genes encode enzymes of the
anthocyanin biosynthetic pathway (chs, chi, f3h, dfr,
f3050h, ans, 3gt, rt), four encode regulatory genes (an1,
an2, an11, jaf13) and one codes for a enzyme (fls) which
competes with dfr for dihydroflavonols, intermediate
metabolites in anthocyanin synthesis.

Our primary purpose in mapping these genes was to
identify candidates for the R, P, and I loci in potato,
which are responsible for natural variation in potato skin
color. We chose to perform the gene mapping in tomato
rather than potato because a tomato mapping population
was available to us when we initiated the project, while a
potato population was not. The extensive conservation of
marker order between tomato and potato (Tanksley et al.
1992) led us to expect that we would be able to readily
interpret the results in potato. This was indeed the case,
although one unexpected difficulty was encountered on
chromosome 2 (see below). Given the genetic similarities
between tomato and pepper and between tomato and
eggplant, we were also able to make specific predictions
about the genes that correspond to several other known
anthocyanin loci in pepper and eggplant, as well as in
tomato itself. This work has thus resulted in the devel-
opment of many specific genetic hypotheses, e.g., that the
R locus in potato encodes dfr, or that the tomato ae locus
encodes ans. Naturally, additional experimentation will
be required to test each of these hypotheses more
rigorously.

Association between potato R and dfr

The R locus is required for the production of red
pelargonidin-related anthocyanin pigments and has pre-
viously been mapped in potato to a 24 cM interval

between markers TG20(b) and STF13 (Van Eck et al.
1993). Neither of these markers is shared with the tomato
map used in this study. The only shared markers are
TG31, 41 cM to the north of R, and TG48, 33 cM to the
south (Van Eck 1995). In the present study, the tomato dfr
gene was mapped 87 cM south of TG31 and 9 cM north of
TG48. At first glance, the widely differing positions of dfr
and R appear to rule out a relationship. However, we have
recently shown (De Jong et al. in press) that dfr
cosegregates with R in three diploid potato populations,
which serves to highlight an inconsistency in the current
tomato/potato comparative map. In two independent
potato maps (Bonierbale et al. 1988; Van Eck 1995;
Van Eck et al. 1995) TG48 has mapped at or very close to
the southern telomere, while in tomato TG48 is located
40 cM north of the telomere (Tanksley et al. 1992). One
possible explanation, not previously suggested in the
literature, is that part of the lower arm of potato
chromosome 2 is inverted relative to tomato. Such an
inversion would account for the apparent differences in
map location of potato and tomato dfr. On a different
note, Van Eck et al. (1993) have previously reported that
a chs locus cosegregates with R. Since chs acts at a very
early stage of anthocyanin synthesis, before the pelargoni-
din, cyanidin, and petunidin biosynthestic pathways
diverge, and R manifests a pelargonidin-specific pheno-
type, it is unlikely that chs corresponds to R.

Association between potato P and f3050h

The P locus is required for the production of petunidin-
based anthocyanins and has previously been mapped
36 cM south of TG47 and 6 cM north of TG30 (Van Eck
et al. 1993). In the current study, f3050h mapped 18.4 cM
south of TG47, while TG30 was not mapped. Petunidin is
differentiated from pelargonidin in part by the presence of
two additional hydroxyl groups on the B phenyl ring. In
Petunia, these differential hydroxylation reactions are
catalyzed by the gene product of f3050h (Holton et al.
1993). The similar genetic map locations and biochemical
precedent thus suggest that the dominant allele at the P
locus encodes an enzyme with flavonoid 30,5-hydroxylase
activity, while the recessive p allele lacks this activity.

Association between potato I/F and Petunia an2

The I locus is required for the synthesis of anthocyanin
pigments in tuber skin. Linkage analyses have shown I is
tightly linked to several other loci that also mediate
tissue-specific anthocyanin expression. The F locus, for
example, is required for expression in potato flowers,
while a series of alleles at the B locus conditions a
hierarchical pattern of expression in the floral abscission
layer, tuber eyebrow, cotyledonary node of the embryo,
and the base of petioles (Dodds and Long 1956). I and F
are separated by about 1.7 cM (Dodds and Long 1956). F
has been mapped 3 cM north of TG63 (Van Eck et al.
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1993). The previous mapping of I by Van Eck et al.
(1994) shared no markers with the current study. Never-
theless, the purple skin color locus localized by Gebhardt
et al. (1991) likely corresponds to I and mapped about
3 cM south of TG63. Tissue-specific anthocyanin
expression in several model systems is known to result
from the tissue-specific expression of transcriptional
regulators, e.g., the Myb domain gene an2, required for
anthocyanin expression in the floral limb, or the maize
bHLH domain gene B, required for expression in the seed
and some vegetative tissues (Selinger and Chandler
1999). Of the four Petunia regulatory genes mapped in
tomato, only an2 mapped close to the telomere of the
lower arm of chromosome 10, 4.4 cM and 5.0 cM south of
TG63. It is intriguing that the two tightly linked loci
revealed by the an2 probe mirrors the tight linkage
observed between F and I. Given the precedent of an2
controlling tissue-specific expression of anthocyanin
expression in Petunia, and the mapping of an2, F, and I
close to TG63 in the tomato and potato genomes, potato
genes related to an2 constitute good candidates for F and
I.

Association between tomato ag and Petunia an2

The tomato anthocyanin gainer (ag) locus is character-
ized by delayed expression of anthocyanins during plant
development. Ag has previously been mapped close to the
telomere of the lower arm of tomato chromosome 10,
cosegregating with RFLP marker TG233 (Tanksley et al.
1992). Since an2 mapped very close to TG233 in the
present study, either of the two tomato loci defined by the
an2 probe constitute excellent candidates for ag. From the
perspective of the Solanaceae as a whole, the similar
localization of apparent anthocyanin regulatory loci in
tomato (ag), pepper (A), eggplant (fap10.1, lla10.1,
lra10.1, sa10.1, pa10.1, ca10.1), and potato (I, F, B)
within their respective genomes (i.e., close to RFLP
marker TG233 or other markers known to be close to
TG233) is fascinating. Once any of these genes has been
isolated, it may be possible to rapidly isolate the
remaining loci in this region through simple hybridization
approaches.

Association between tomato af and chi

The recessive anthocyanin free (af) mutant of tomato has
previously been shown to map to a 5 cM interval on
chromosome 5, bounded to the north by CT93 and to the
south by CT63A (Tanksley et al. 1992). In the current
study, chi also mapped to this region, 0.7 cM south of
CT93. The af phenotype is associated with the loss of
both anthocyanin pigments and of trichomes and thus
mirrors the well-known pleiotropic transparent testa
glabra 1 (ttg1) locus in Arabidopsis (Walker et al.
1999). The ttg1 gene product is a WD40 repeat protein,
very similar to the Petunia an11 gene product. Although

chi and af map to the same region, it thus does not appear
likely that chi will correspond to af.

Association between tomato ae and ans

The recessive entirely anthocyaninless (ae) mutant has
previously been mapped to the lower arm of chromosome
8, approximately 4 cM south of CT265 and 12 cM north
of CT68 (Tanksley et al. 1992). The ans gene maps to the
same area, approximately 1 cM north of CT265. The ans
gene thus constitutes a candidate for ae. The bHLH
transcriptional regulator jaf13 also maps to the same area,
about 4.2 cM south of CT265 and 13.5 cM north of CT68
and constitutes a second candidate for ae. Jaf13 is known
to regulate expression of dfr in Petunia (Quattrocchio et
al. 1988). Because ae does not abolish the enzymatic
activity of DFR (Yoder et al. 1994), it seems unlikely that
jaf13 corresponds to ae. Transposon insertions in the
maize a2 gene, which also encodes anthocyanidin
synthase, completely abolish anthocyanin accumulation
(Menssen et al. 1990). Phenotypically, ans seems the
better candidate for ae.

There are several classical tomato loci (e.g., anthocy-
anin absent [chromosome 2, lower arm], baby lea
syndrome [3L], anthocyanin loser [8L], Hoffman’s an-
thocyaninless [9L]) for which we were unable to identify
compelling candidate genes. This resulted at least in part
because the map locations of many classical loci
(Mutschler et al. 1987) remain unmapped relative to
RFLP markers. It is possible that baby lea syndrome
corresponds to Petunia an11, that anthocyanin loser codes
for a bHLH protein similar to Petunia jaf13, and that
Hoffman’s anthocyaninless corresponds to Petunia rt or
an1, but since none of these three classical loci have been
mapped relative to molecular markers, it is not possible to
make compelling predictions with current mapping data.

Testing specific hypotheses
by sequencing candidate genes

Excellent support for the hypotheses that anthocyanin
reduced encodes F3H and that anthocyaninless encodes
F3050H were obtained by virtue of having detected
mutations in the f3h and f3050h genes, respectively, of
mutant tomato accessions. A technical challenge we faced
with f3050h, and that would also be faced in testing several
other candidate gene hypotheses in tomato, is that tomato
EST or gene sequences have not yet been described for all
anthocyanin biosynthetic or regulatory genes (e.g., an-
thocyanidin synthase or a bHLH domain gene with
similarity to Petunia an1). The complete absence of
several tomato and potato anthocyanin genes in current
sequence databases was rather unexpected since over
155,000 tomato and 90,000 potato ESTs have been
deposited to date.

The large number of promising positional candidate
genes identified in this work demonstrates that mapping
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genes known to influence a biochemical pathway can be a
powerful means of identifying genes responsible for
pathway-related natural variation. This mirrors the previ-
ous success of identifying candidates for important
carotenoid accumulation loci by mapping all carotenoid
biosynthetic structural genes in pepper (Thorup et al.
2000). In the present study, several regulatory loci were
mapped in addition to many structural genes, which
served to increase the number of interesting associations.
The value of pathway mapping for both carotenoids and
anthocyanins pathway was enhanced by the ability to
interpret map data in other solanaceous crops through
comparative genetic maps. As such maps expand to
include additional species in the future, the added value
from pathway mapping approaches should increase even
further.
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